This paper presents a novel printed monopole antenna for quad-band operation in four WLAN bands: ISM 2.4 GHz, 5.2 GHz, 5.6 GHz, and ISM 5.8 GHz. This antenna is compact, thin, lightweight, easy to manufacture, and suitable for portable devices. It is composed of a folded strip radiator and two parasitic strips printed on a partially grounded substrate. The folded strip radiator interacts with the parasitic strips, which are connected to the ground plane, in such a way as to produce the resonant modes that originate the radiation bands of the antenna. An additional openended strip connected to the radiator is used to adjust the antenna input impedance in the upper operation band. A parametric study on several geometrical dimensions of the antenna is carried out in order to analyze their influence on the antenna performance. The fabricated prototype of the proposed printed monopole antenna has overall dimensions of 22 × 48 × 1.6 mm 3 , and the measured 10-dB return-loss bands exhibited by the antenna are 2149-2660 MHz and 5120-6035 MHz.
literature [2] [3] [4] [5] [6] [7] [8] [9] [10] . Some of them [2] [3] [4] are compact and single layered but are intended only for dual-band operation. Others [5] , [6] , despite their quad-band performance, display a nonplanar structure, which is more difficult to fabricate. Some other antennas [7] [8] [9] are able to operate in all four WLAN bands, but they require the use of a large ground plane. On the other hand, the realization of a small printed quad-band antenna for WLAN systems has been demonstrated [10] . This paper proposes a novel printed monopole antenna for quad-band operation in the ISM 2.4 GHz, 5.2 GHz, 5.6 GHz, and ISM 5.8 GHz bands. This multiband antenna is compact, low profile, lightweight, easy to fabricate, and inexpensive, meeting the requirements of portable devices [11] . The configuration and design of the antenna are presented, and the experimental results are analyzed.
II. ANTENNA CONFIGURATION
The geometry of the proposed antenna is illustrated in Fig. 1 . A folded strip radiator is printed on the top face of a rectangular 1. in which the antenna is to be employed.
The strip radiator comprises a folded monopole, on which a linear current distribution is excited.
The folded geometry of the radiator allows the current path (indicated in Fig. 1(b) ) to be longer without the need for increasing the substrate size. Hence, lower operation frequencies can be achieved while maintaining a small size for the antenna. The electromagnetic field generated by the radiator excites the parasitic strips through proximity coupling, and the joint operation of all these elements leads to the resonant modes that result in the specified radiation bands.
As will be seen later in more detail, the antenna exhibits a typical return-loss curve whose behavior is represented in Fig. 2 . The frequencies at which the first four of them occur are denoted by f0 (1) , f0 (2) , f0 (3) , and f0 (4) , in ascending order of frequency.
The resonances observed at f0 (1) , f0 (2) , and f0 (4) correspond to three different resonant modes excited on the folded monopole. The first one at f0 (1) is the fundamental mode. Because the strip radiator behaves as a quarter-wavelength resonant structure at this frequency, its total length L can be estimated by using the following expression:
where λ0 (1) is the wavelength in free space at f0 (1) , and c is the speed of light in vacuum. The resonant modes at f0 (2) and f0 (4) are higher-order ones occurring approximately at the second and third harmonics of f0 (1) , respectively:
Results from electromagnetic simulation indicate that the resonance at f0 (3) is generated by the addition of two parasitic strips to the ground plane, as shown in Fig. 1 . These parasitic strips are excited by the folded radiator by means of proximity coupling. Because this excitation mechanism is somewhat complex, the evaluation of f0 (3) is not straightforward, and the dimensions of the parasitic strips must be obtained empirically with the aid of electromagnetic simulation.
Since the natural resonance frequencies of the monopole radiator are affected by its electromagnetic coupling with the parasitic strips, electromagnetic simulation is required for accurately analyze and design the entire antenna structure.
For the antenna design presented in this paper, the first two 10-dB return-loss bands noticeable in Besides that, the third 10-dB return-loss band showed in Fig. 2 (additional band) is available for receiving and transmitting signals around 6.7 GHz.
III. ANTENNA DESIGN: ANALYSIS AND OPTIMIZATION
The proposed antenna was analyzed and optimized with the aid of computer simulation, which was conducted using CST Microwave Studio, from CST Studio Suite [12] , and Momentum, from Advanced Design System [13] . All simulated data exhibited in this paper resulted from CST Microwave Studio, except for the simulated surface current distribution, which was obtained using
Momentum.
The performance of the antenna was studied by simulating its surface current distribution, return loss, and radiation pattern. The influence of several geometrical parameters on the characteristics of the antenna was also analyzed. Fig. 3 presents the simulated return loss of the antenna as a function of the following geometrical parameters: partial length of the radiator lR (varied from 10 to 14 mm), length of the first parasitic strip lS1 (varied from 3 to 5 mm), partial length of the second parasitic strip lS2 (varied from 3 to 7 mm), and length of the open-ended strip lA (varied from 0 to 4 mm). For this parametric study, lR, lS1, lS2, and lA were varied individually, keeping all other geometrical dimensions the same as given in Fig. 1 . It can be seen from Fig. 3(a) and (b) that the center frequency of the lower band can be shifted in an effective way by changing lR or lS1 while maintaining acceptable values of return loss and bandwidth.
It is worth pointing out that the center frequency of the upper band and the impedance matching within it are also sensitive to lR and lS1. On the other hand, the impedance matching in the upper band can be adjusted by altering lA without causing significant changes to the return loss in the lower band, as shown in Fig. 3(d) .
Based on this parametric analysis, the geometrical dimensions of the antenna were manually optimized in order to fulfill the band requirements for quad-band WLAN operation. Fig. 1 presents the final dimensions of the antenna, obtained after the optimization process. The radiating elements of the antenna occupy an area of 22 × 8 mm 2 , and the overall size of the optimized antenna, including the ground plane and feeding microstrip lines, is 22 × 48 × 1.6 mm 3 , which is suitable for application in compact wireless communication devices. The simulated return loss of the optimized antenna is shown in Fig. 4 (dashed line) , where the coverage of all four specified bands is visible. The simulated surface current distribution for the optimized antenna at 2450 and 5800 MHz is illustrated in Fig. 5 . For the lower-order resonant mode excited in the antenna at 2450 MHz, all current along the folded radiator points to the same direction, as shown in Fig. 5(a) . At 5800 MHz, there is a change of current direction along the radiator, which can be observed in Fig. 5(b) , indicating the presence of a higher-order resonant mode. Fig. 1 ). For the sake of completeness, Fig. 7 and 8 display simulated results for the antenna at 6720 MHz, which is the frequency at which the fourth return-loss peak occurs (f0 (4) ), with reference to Fig. 2 . Fig. 7 exhibits the surface current distribution, and Fig. 8 shows the radiation pattern. 
IV. EXPERIMENTAL RESULTS
A prototype of the optimized antenna was fabricated using a micro-milling machine. Photographs of the fabricated prototype are presented in Fig. 9 , displaying both sides of the antenna. The measured return loss of the antenna, obtained by using a network analyzer, is shown in Fig. 4 along with the corresponding simulated results. Both simulated and measured return-loss curves demonstrate a good agreement with each other, as can be seen in Fig. 4 . The experimental 10-dB return-loss bands are 2149-2660 MHz and 5120-6035 MHz, which include all required WLAN bands.
The fabricated prototype was characterized in an anechoic chamber. Fig. 6 exhibits the measured results for the radiation pattern of the antenna along with their respective simulated data.
The agreement between the experimental and simulated results for radiation pattern shown in Fig. 6 and Table II suggests that the antenna has a radiation performance close to that predicted by simulation.
V. CONCLUSION
A compact printed monopole antenna for quad-band operation in four WLAN bands has been developed. In this antenna, the radiation bands are generated by the excitation of multiple resonant modes. The proposed antenna configuration was studied, and its geometry was optimized in order to meet the design specifications. An investigation into the structure and performance of this antenna using electromagnetic simulation demonstrates that the center frequencies of its operation bands can 
